Abstract: Bone regeneration in craniomaxillofacial surgery represents an issue that involves both surgical and aesthetic aspects. The most recent studies on bone tissue engineering involving adipose-derived stromal/stem cells (ASCs) have clearly demonstrated that such cells can play a crucial role in the treatment of craniomaxillofacial defects, given their strong commitment towards the osteogenic phenotype. A deeper knowledge of the molecular mechanisms underlying ASCs is crucial for a correct understanding of the potentialities of ASCs-based therapies in the most complex maxillofacial applications. In this topical review, we analyzed the molecular mechanisms of ASCs related to their support toward angiogenesis and osteogenesis, during bone regeneration. Moreover, we analyzed both case reports and clinical trials reporting the most promising clinical applications of ASCs in the treatment of craniomaxillofacial defects. Our study aimed to report the main molecular and clinical features shown by ASCs, used as a therapeutic support in bone engineering, as compared to the use of conventional autologous and allogeneic bone grafts.
Introduction
Nowadays, autologous and allogeneic bone grafts still represent the gold standard for repairing bone defects caused by several diseases, congenital defects, infections, and trauma [1, 2] . However, bone grafting procedures involve several disadvantages, such as postoperative pain, morbidity at the donor site, infections, and immunological issues, which have prompted the search for a suitable bone substitute that can mimic the osteogenic potential of autogenous bone [3, 4] .
In this context, mesenchymal stem cells derived from adipose tissue (ASCs) have shown interesting qualities, making them a promising step forward with respect to bone grafts [5, 6] . ASCs are abovementioned proangiogenic commitments of ASCs [26] . Finally, ASCs secrete VEGF that are able to promote new blood vessel formation, and are also able to recruit hematopoietic stem cells [27] . Such molecular characteristics make ASCs one of the most suitable MSCs targeting bone tissue engineering.
ASCs also show the ability to secrete bone morphogenetic protein 2 (BMP-2), which plays an essential role in bone regeneration [28] , as well as fibroblast growth factor-2 (FGF-2), keratinocyte growth factor (KGF), and insulin-like growth factor-1 (IGF-1), which are involved in the wound healing process [24] .
As described in the Introduction, another important characteristic of ASCs is their ability to secrete membrane-derived microvesicles (MVs) that contain several pro-angiogenic molecules, including FGF2, PDGF, VEGF, MMP2, MMP9, as well as osteogenic molecules, such as BMP2 [9, 29] .
Thus, MVs secreted by ASCs are able to transfer these growth factors to neighboring cells by exerting pro-angiogenic and osteogenic effects. For this purpose, it has been shown that MVs released from ASCs were able to increase the migration and tube formation of human umbilical vein endothelial cells (HUVECs), indicating that MVs from ASCs promote the angiogenesis of target cells, a process that is required for bone regeneration [10] . Collectively, these data provide evidence that ASCs can actively influence the behavior of target cells through the secretion of MVs [9] .
Although several studies have reported a better commitment of BMSCs when compared to ASCs with respect to osteogenic differentiation [30] [31] [32] , the mRNA levels of BMP-2, collagen type I (COL1A1), and osteonectin (ON) were expressed in higher amounts by undifferentiated ASCs than by BMSCs [33] . In addition, it has been found that ASCs express and secrete various growth factors and cytokines, such as receptor activator of nuclear factor κ-B ligand (RANKL), macrophage colony-stimulating factor (M-CSF), BMP-4, and extracellular matrix proteins, including fibronectin (FN) and type I collagen (ColI), which are involved in bone remodeling [21] .
Finally, it is important to underline that ASCs can survive in low-oxygen environments, making them optimal for cell therapies where oxygen supplied by the vascular network may be limited, such as in implant surgery procedures [34] . In fact, under hypoxic conditions, ASCs are able to increase VEGF secretion, stimulating the proper angiogenesis [35] needed for bone formation [36] .
Molecular Mechanisms Responsible for Osteogenic Commitment of ASCs
Although ASCs have been extensively used in bone reconstruction, not much is known regarding the molecular mechanisms that regulate the osteogenic commitment of these cells.
Liu et al. reported that the extracellular signal-related kinase (ERK) pathway plays a central role in the osteogenic commitment of ASCs. In fact, the activation of the ERK pathway in ASCs leads to the expression of osteogenesis-related genes, such as Cbfa1, ColI, ALP, and OCN, which are responsible for mineralization of the extracellular matrix (ECM). On the contrary, the interruption of the same pathway leads to the inhibition of osteogenic differentiation [37] . Thus, a careful balance between osteogenesis and adipogenesis, occurring in ASCs, seems to be closely regulated by the MAPK/ERK pathway: The phosphorylation of peroxisome proliferator-activated receptor gamma (PPAR-γ), carried out by ERK, decreases its transcriptional activity, resulting in an anti-adipogenic effect [37] . ERK activation also promotes the MAPK-dependent phosphorylation of PPAR-γ, contributing to the switch from adipogenesis to osteogenesis in ASCs.
It has also been shown that the tumor necrosis factor-alpha (TNF-α), an activator of ERK, plays a crucial role in the stronger commitment of ASCs toward the osteogenic lineage [38] . In fact, TNF-α may enhance the osteogenic differentiation of ASCs by increasing specific gene expressions, such as osteopontin (OPN), runt-related transcription factor 2 (RUNX-2), and alkaline phosphatases (ALP) [39] . In the literature, it has been demonstrated that TNF-α induces the osteogenic differentiation of ASCs through the activation of the NF-κB signaling pathway [38] ; furthermore, NF-κB increases the expression of the transcriptional co-activator with a PDZ-binding motif (TAZ), which stimulates ASCs into differentiating into osteoblasts through the activation of RUNX-2 and the repression of PPAR-γ transcription. Therefore, osteogenic induction of ASCs has been demonstrated to be mainly mediated by the activation of NF-κB by TNF-α, which promotes the subsequent increase in the expression level of the transcriptional coactivator TAZ [38] .
A recent study reported that Notch signaling is also directly involved in the osteogenic differentiation of ASCs [40] . It has been shown that Notch pathway activation improves the osteoinductive ability of ASCs and the formation of the extracellular matrix, whereas the Notch inhibition downregulates the osteogenic commitment of these cells [40] . These studies suggest that the modulation of Notch signaling could be used to stimulate an osteogenic induction of ASCs.
Finally, other pathways, such as p38 MAPK, transforming growth factor beta (TGF-β) [41] , and c-Jun N-terminal kinase (JNK) [21] , are also closely related to the osteogenic induction of ASCs. An understanding of the molecular mechanisms underlying the osteogenic induction of ASCs could be used to improve bone formation in patients with critical-sized defects in the craniomaxillofacial region.
Clinical Case Reports: ASCs Combined with Bioscaffolds for Craniomaxillofacial Bone Regeneration
The first clinical report about the use of ASCs to augment bone tissue was described by Lendeckel et al. The authors reconstructed a large post-traumatic calvarial defect by using autologous fibrin glue and a resorbable macroporous sheet [14] ; they obtained a stable osteointegrated graft with a good ossification, only three months after the surgery.
The use of ASCs to repair complex craniofacial defects has been well reported in the scientific literature; however, technical variations were mainly related to the biomaterials used as bioscaffolds. Mesimaki et al. [15] used GMP-grade human autologous ASCs, combined with β-tricalcium phosphate (β-TCP) and bone morphogenetic protein-2 (BMP-2) [42] , to reconstruct a large maxillary defect resulting from the removal of a keratocyst; ASCs combined with β-TCP and BMP-2 were first implanted into a patient's muscle to allow for ectopic bone formation and was then transplanted to the palate defect. As a result, the newly-formed bone implant was well integrated into the palatal site. This specific study also highlighted that ASCs are able to stimulate cytokines and chemokines that work as homing signals, attracting endogenous/progenitor stem cells to the surgical site [43] . Mesimaki and colleagues also reported that the ASCs used in the regenerative construct showed elevated expressions of osteogenic-related markers, such as RUNX-2, OC, OP, and ColI, confirming that ASCs have an optimal behavior for bone tissue engineering [15] .
More recently, the same researchers successfully showed that autologous human-ASCs combined with β-TCP granules were able to repair large cranial defects in four humans [7] .
Furthermore, in a preliminary clinical study by Sandor, the use of ASCs, seeded on bioscaffolds combined with BMP-2, was described [16] . These ASCs seeded on resorbable scaffolds, such as BAG and β-TCP, were successfully implanted into 20 of 23 patients with large craniofacial bony defects. These case reports are extremely encouraging, as they indicate that a favorable cocktail of growth factors or cytokines, combined with ASCs and a suitable scaffold, can be used for the reconstruction of craniofacial osseous defects.
Another clinical report demonstrated the use of ASCs to treat a large bone defect at the mandibular symphysis [17] . This case reported methods quite similar to those of Mesimaki et al. [15] (autologous ASCs, β-TCP granules, and BMP-2) for the treatment of bone defects, but without requiring any ectopic bone formation; in this study, implanted ASCs, combined with the described biomaterials, were able to work synergistically to improve bone replacement.
Similar studies from the same group, using an engineered construct consisting of ASCs, β-TCP granules, and human recombinant BMP-2 combined with computer-aided manufacturing (CAM) [18] , analyzed the marker profiles expressed by osteoblasts developed from the ASCs construct: These adult cells have a strong expression of mesenchymal markers, including CD105, TWIST-1, and CD90, a moderate expression of fibroblast growth factor receptor 3 (FGFR3) and VEGF, and a low expression of vascular endothelial growth factor receptors 1-2-3 (VEGFR1-2-3), fibroblast growth factor receptor 2 (FGFR2), TGF-β, ALP and bone morphogenetic protein receptor type 1 (BMPR1). These results showed a strong expression of mesenchymal stem cell markers and a moderate to low expression of angiogenic and osteogenic markers [18] .
Sandor et al. also performed other clinical studies describing the successful reconstruction of complex craniomaxillofacial defects, using a combination of MSCs derived from autologous adipose tissue with four different scaffolds: Two types of BAG, β-TCP granules, and pliable strips with β-TCP. Furthermore, these authors decided to use ASCs because of their ability to survive in low-oxygen conditions; moreover, ASCs are able to secrete several cytokines, including VEGF and HGF, which contribute to the formation of a vascularized bone graft, a pre-requisite in the treatment of large bone defects [19] .
Despite the limited number of patients, all of these case reports (Table 1) indicate that adipose-derived stem cells can provide strong aid to bone regeneration in the craniomaxillofacial district, without any of the risks of traditional bone grafts.
Clinical Trials: Adipose-Derived Mesenchymal Stem Cells for the Treatment of Craniomaxillofacial Bone Defects
The successful results in the abovementioned clinical case reports encouraged many researchers to carry out more structured clinical trials to assess the effects of ASCs, seeded on custom-made bone implants, used in the reconstruction of craniomaxillofacial bone defects. Several clinical trials reported positive results with the use of adipose-derived stem cells for maxillofacial applications (Table 2) .
Therapeutic applications of ASCs in humans have been performed up to phase II clinical trials. We selected two clinical trials that are registered on the official clinical trial website (www.//clinicaltrials.gov) as of 28 July 2017: They investigated the use of adipose-derived stem cells for the regeneration of maxillofacial bone defects, as reported in more details in Table 2 . Both of the studies used a bone graft substitute called Bonofill: It was made by seeding human autologous adipose-derived stem cells on scaffolds composed of mineral particles (Oragraft).
The first study, entitled "Filling Bone Defects/Voids With Autologous Bonofill For Maxillofacial Bone Regeneration" (NCT02153268), investigated the safety and efficacy of autologous ASCs combined with Oragraft mineral particles (Bonofill) in the reconstruction of maxillofacial defects, with results reported six months after surgical implantation.
The second study was a phase-I/II clinical study, entitled "Filling Bone Defects/Voids with Autologous BonoFill-II for Maxillofacial Bone Regeneration" (NCT02842619): the study is currently recruiting patients in order to evaluate the safety and efficacy of human adipose-derived stem cells combined with OraGraft mineral particles for large post-oncological reconstructions of maxillofacial bone.
Both of these clinical trials were based on the use of a manufactured bone substitute, called Bonofill, functionalized with ASCs from autologous adipose tissue: These grafts were fully tolerated and did not induce any immune response or rejection. 
Conclusions and Future Perspectives
Bone regeneration in craniomaxillofacial surgery is an issue that involves both surgical and aesthetic aspects. Several mesenchymal stem cells have been used largely in complex or extensive bone defects [44] [45] [46] [47] [48] ; however, stem cells taken from traditional sites have typically shown some disadvantages, resulting from the difficulty in tissue sampling and from scarce tolerance to harvesting procedures, as reported by patients. ASCs can be obtained through minimally-invasive procedures, in large numbers, from lipoaspirates or surgical resection, with low donor-site morbidity [49] , and they can be rapidly expanded, with respect to bone marrow stromal cells (BMSCs) [50, 51] .
Bone regeneration and repair are complex physiological processes, regulated by different cell types, as well as extracellular matrix proteins and growth factors [18] . In this context, it has been shown that ASCs can secrete growth factors, which are important for bone repair, as well as several cytokines and proteins that are required for bone remodeling. More interestingly, ASCs possess the ability to release plasma membrane-derived vesicles (MVs), that are able to transfer different growth factors to neighboring cells by exerting pro-angiogenic and osteogenic effects during the regenerative process, and, therefore, ASCs may play an important regulatory role in bone tissue regeneration [9] .
Moreover, the secretome of ASCs includes several endocrine and pro-angiogenic factors that can induce bone activity. With regards to bone tissue engineering, several researchers have demonstrated that BMSCs have a higher osteogenic differentiation capacity, compared to ASCs; whereas other scientists have shown that ASCs possess similar in vivo osteogenic potential, with respect to MSCs derived from bone marrow, with no sign of atypical proliferation [50] [51] [52] [53] .
Molecular investigations clearly confirmed how ERK, TNF-α, Notch, p38 MAPK, TGF-β, and JNK signaling pathways are strongly implicated in the osteogenic differentiation of ASCs.
It is important to note that the ability of ASCs to differentiate toward osteogenic lineage without any external stimulation, when they are placed on osteoconductive scaffolds during in vivo studies, makes these cells the most promising and usable candidates for translational regenerative therapy of craniomaxillofacial defects.
However, to strengthen the osteogenic commitment of ASCs, clinicians should combine such cells with osteoinductive scaffolds and bioactive molecules, such as BMP-2 [54, 55] .
As is well known to implant surgeons, oxygen and nutrients are critical for bone graft survival [52] . ASCs-based constructs should be implanted into a highly-vascularized surgical bed, even if the ability shown by ASCs to induce vessel formation is certainly a useful aid for new and proper bone growth. The combination of ASCs with scaffolds composed of natural polymers (chitosan and collagen), synthetic polymers (PLGA and polycaprolactone), as well as calcium phosphate-based ceramic scaffolds (hydroxyapatite and β-TCP), loaded with bioactive molecules, such as VEGF and BMP-2, seems to be the most promising strategy for the regeneration of bone defects in the craniomaxillofacial region [56] . In addition, ASC-derived microvesicles (MVs) containing osteogenic and pro-angiogenic molecules could also be enhanced through the use of a magnetic field [9] . Thus, MVs derived from ASCs cultured in a proper magnetic field could represent a new cell-based treatment to repair bone defects in the craniofacial region.
This review has clearly emphasized how clinical outcomes are strictly dependent on molecular mechanisms, and are often improved by a proper cell type to induce tissue formation. Correct analysis of the molecular and cellular phenomena is the only method of ensuring a realistic evaluation of clinical results using the scientific method.
